CeO 2 and TiO 2 engineered nanoparticles (ENPs) are being increasingly used in many applications. Due to their properties, heteroaggregation between these two types of ENPs is very likely, which can determine their fate and transport. However, the heteroaggregation behavior of CeO 2 and TiO 2 ENPs is still not clear, partly due to the lack of appropriate tools. In this study, we investigated the application of Turbiscan Stability Index (TSI) for the measurements of CeO 2 /TiO 2 ENP heteroaggregation. TSI was found to be effective to investigate the heteroaggregation and stability of the CeO 2 -TiO 2 ENPs system. Increasing CeO 2 /TiO 2 ENPs ratio reduces the TSI values, indicating higher stability. Fluorescence excitation-emission matrix (EEM) spectra were used to study the interface interaction between humic acid (HA) and CeO 2 /TiO 2 ENPs. The TSI value of ENPs were rising with the increasing of CeO 2 /TiO 2 ENPs ratios in the H River or Q Reservoir water. In addition, their variation trends were http://dx
Introduction
Engineered nanoparticles (ENPs) are being increasingly used in commercial products [1, 2] . As a result, significant amounts of ENPs (e.g. nano-CeO 2 , nano-TiO 2 , nano-Ag, nano-ZnO, C 60 and et al.) may be released into natural systems, potentially affecting human and ecological health [3, 4] . Therefore, many studies have addressed the transport and fate of ENPs, which can be used to estimate predicted exposure concentrations [4] [5] [6] [7] . However, most studies have focused on homoaggregation and transport [8] [9] [10] or heteroaggregation between ENPs and natural colloids (NCs) [11] [12] [13] , while very few studies have addressed the heteroaggregation between two types of ENPs in synthetic [14] and natural waters [15] . In addition, using mixtures of several ENPs in pollution control [16, 17] or medicine [18, 19] has become more common, which makes it more important to study the heteroaggregation of different ENPs.
CeO 2 and TiO 2 ENPs are extensively used in industry and environmental research including admixed photoelectrodes for natural dyesensitized solar cells [20] , photocatalysts [21] , counter electrode for electrochromic devices [22] and herbicides [23] . Karunakaran et al. found that the surface properties and synthesis behavior among CeO 2 and TiO 2 ENPs affect their aggregation behavior [24] . In addition, studies demonstrated that the aggregation process influences the photoelectric effect of ENPs [7, 25] . Therefore, there is a need to study the heteroaggregation between CeO 2 and TiO 2 ENPs.
Most heteroaggregation studies have used dynamic light scattering (DLS) and attachment efficiency for understanding these processes [14, 26, 27] . Dusak et al. suggested that the mass ratios of multiwall carbon nanotubes (MCNTs) and hematite nanoparticles (Hem ENPs) (15 g/L) have influence on the heteroaggregation rates as measured by DLS and their zeta potential [28] . DLS can be applied in both homo-and heteroaggregation experiments, however, only changes of particle size can be measured [29] . If we apply the approaches designed for homoaggregation to study heteroaggregation, the results will be concentration dependent, which must be taken into consideration [29] . Thus, find an appropriate way to describe the stability and heteroaggreation behavior of nanoparticles would be one of the key question in the study of heteroaggreation.
The turbiscan stability index (TSI) requires no sample dilution and can be utilized for a wide range of concentrations and particle sizes [30] . The basic principle is to measure both transmittance and backscatter of infrared light at different wavelengths; the stability of the system can be evaluated from the scan [31] . TSI has been applied to study the stability of emulsions [31] [32] [33] and the coagulation properties of goat's milk [34] as well as the stability and heteroaggregation behavior of alumina-silica oxide ENPs (hydrodynamic diameter 112 nm-496 nm, 1 g/L) suspension [35, 36] . In detail, TSI was used to study the changes of the stability of the emulsions treated by different homogenization rates [31] . For studying the effects of ultrasound pretreatment on the stability of the goat milk, TSI was calculated based on backscattering changes, and was used to evaluate the degree of particle aggregation [37] . To investigate the effects of polymers on the stability of the aluminum oxide and alumina-silica, TSI was also used to measure the changes of the stability in the presence and absence of the polymer and polyacrylic acid, respectively [38, 39] . Therefore, TSI may be applied to characterize the heteroaggregation behavior and stability of CeO 2 and TiO 2 ENPs mixtures. Compared with ultraviolet-visible spectrophotometry and DLS, TSI can be used to measure binary systems and extremely unstable systems. Ultraviolet-visible spectrophotometry is usually used to analyze homoaggregation of samples with characteristic peaks, such as nano-Ag, nano-ZnO, nano-Cu and nanoCeO 2 [40] [41] [42] [43] [44] . TSI is influenced by particle size and volume concentration of the system, and is also appropriate for measuring extreme unstable system compared with DLS, which can only reflect the changes of the particle size [45] [46] [47] [48] .
In addition, natural organic matter (NOM) can influence the stability and aggregation of ENPs (TiO 2 , CeO 2 and ZnO, 10 mg/L) [49, 50] . Particularly, NOM can adsorb onto the surface of TiO 2 and CeO 2 ENPs, form a coating layer, result in steric hinderance and electrostatic repulsion and have effect on the heteroaggregation of ENPs [8, 26, 51] . Luo et al. [52] showed that the properties of humic acid (HA) and fulvic acid (FA) influence the adsorption and aggregation of TiO 2 ENPs (10 mg/L), indicating that NOM can adsorb onto the surface of TiO 2 ENPs. However, total organic carbon (TOC) measurements may not adequately characterize the aggregation behavior between ENPs at low NOM concentration [53] . Fluorescence excitation-emission matrix (EEM) can be combined with regional integration analysis to characterize the composition and transformation of humic and fulvic acids [54] . Fluorescence EEM has also been used to evaluate the aggregation of gold nanoparticles and humic substances by examining the quenching and enhancement of fluorescence [53] . Chen et al. used regional integration of fluorescence EEM to characterize the spectra of dissolved organic matter [55] . It is feasible to use fluorescence EEM spectra to analyze the adsorption of HA, which may influence the heteroaggregation of CeO 2 and TiO 2 ENPs.
In this study, different ratios of ENPs (CeO 2 and TiO 2 ) were used in heteroaggregation experiments, and the competitive adsorption of NOM by ENPs was investigated by changing the additive order of CeO 2 and TiO 2 ENPs. In addition, even though the total concentration of TiO 2 and CeO 2 ENPs (10 mg/L) is higher than that of natural situation and their behavior may be different, natural water samples were employed to study the heteroaggregation. A major goal was to explore the application of turbiscan stability index for the measurements of heteroaggregation between different NPs.
Materials and methods

CeO 2 and TiO 2 ENPs
CeO 2 and TiO 2 (anatase, P25) ENPs were purchased from Aladdin and Sigma-Aldrich, respectively. The primary morphologies and sizes of CeO 2 or TiO 2 ENPs were characterized by Transmission Electron Microscopy (TEM) (Fig. S1 ). Brunauer-Emmett-Teller (BET) surface area of CeO 2 and TiO 2 ENPs were determined by N 2 adsorption (Micromeritics ASAP2020), as listed in Table 1 . A Malvern Zetasizer (Nano ZS 90, UK) was used to obtain the average hydrodynamic diameter and zeta potential (ξ) of CeO 2 or TiO 2 ENPs (Table 1) . CeO 2 or TiO 2 ENPs stock suspensions (0.4 g/L) were prepared in Millipore water (Millipore, 18.2 MΩ·cm, TOC < 2 ppb). Fresh stocks were ultrasonicated for 20 min [56] and prepared daily. Isoelectric points of CeO 2 and TiO 2 are shown in Fig. S2. 
Synthetic water
HA (Sigma-Aldrich (Shanghai) Trading Co., Ltd.) stock solutions were prepared by adding 16 mg HA into 100 mL Millipore water and then adjusting pH to 11 using 0.01 mol/L and 0.1 mol/L NaOH. The solution was stirred for 24 h to ensure complete dissolution and then centrifuged 6 min at 8000 rpm. Following centrifugation, the pH was adjusted to 7 and filtered using a 0.45 μm filter membrane. The stock was stored at 4°C. To study the effect of low concentration HA for heteroaggregation of ENPs [52] , HA = 1 mg/L, the TOC of the HA was 0.41 mg/L, as determined by Shimadzu TOC V-CPN.
Ionic strength (IS) was adjusted to 5 mmol/L NaCl solution (580 ± 5 μs/cm) which is close to the IS of many natural waters. Buffer was made up with borax and solution (2 mL 0.05 mol/L and 8 mL 0.2 mol/L, respectively) and used to adjust pH to 7.8 to simulate natural water pH (30 μL buffer) [57] . Our preliminary study showed that buffer IS did not influence the results.
Natural water
Usually, ENP aggregation behavior and stability varies in different natural waters [49] . In addition to the well-defined synthetic waters discussed above, two different natural waters were used: Qingcaosha Reservoir (Q Reservoir, Chongming County, Shanghai, China) and Huangpu River (H River, Shanghai, China). The water samples were filtered with a 0.45 μm filter membrane and then stored at 4°C for further studies. These waters were characterized in terms of pH, IS, TOC and inductively coupled plasma-optic emission spectroscopy (ICP-OES), as shown in Table 2 . Electric conductivity (E.C) was used to illustrate IS range.
Batch experiments
Aggregation and co-sedimentation experiments
In these studies, 40 mg/L CeO 2 or TiO 2 ENPs stock suspensions were prepared by adding 10 mg CeO 2 or TiO 2 ENPs respectively into 250 mL Millipore water. To detect the dominant effect of CeO 2 and TiO 2 ENPs on heteroaggregation, the experiments were conducted by mixing CeO 2 and TiO 2 ENPs stock solution with different mass ratios (0.1/9.9, 1/9, 5/5, 9/1, 9.9/0.1), for a total concentration of 10 mg/L (Our preliminary study showed [26, 52, 58 ] that 10 mg/L ENPs could more clearly indicate the aggregation behavior even if it may be unable to represent low environment concentration of ENPs like ng/L or μg/L). 5 mmol/L NaCl was used to provide IS. Mixing was done via ultrasonication. Buffer was added into distilled water to adjust pH at 8, and then the stock solution was added. The test was performed under ultrasonic dispersion. The aggregation and stability of system was determined by Turbiscan (Formulaction, France). The co-sedimentation of the ENPs-NOM was measured by ICP.
Adsorption of HA on CeO 2 and TiO 2 ENPs
CeO 2 or TiO 2 ENPs (100 mg) were added into 250 mL Millipore water to achieve a 400 mg/L stock solution. To analyze the effect of NOM adsorption onto CeO 2 and TiO 2 ENPs, the experiments were conducted with different ENP ratios as described in Section 2.4.1. To study the adsorption effect of HA onto the surface of CeO 2 and TiO 2 NPs, the total concentration after mixing CeO 2 and TiO 2 ENPs suspensions at different ratios was 100 mg/L. HA stock solution (1 mg/L) was added to the system. IS was provided by 5 mmol/L NaCl. Borax buffer was employed by all experiments to stabilize pH at 7.8. The centrifuge tubes were shaken for 48 h under 25°C at 150 rpm, followed by 6 min centrifugation at 8000 rpm. Filtration was conducted using a 20 mL syringe and 0.45 μm filter membrane.
The competitive adsorption of HA onto the surface of CeO 2 and TiO 2 ENPs was carried out in the same solution composition and external conditions as stated in Section 2.4.1. The addition order of CeO 2 or TiO 2 ENPs was changed. The centrifuge tubes were shaken for 24 h under 25°C at 150 rpm. After that another ENP was injected into the solution slowly against the wall of the centrifuge tubes by pipettes, followed by a prolonged 24 h shaking for centrifugation (8000 rpm, 6 min) and filtration (0.45 μm).
Analysis
Three-dimensional fluorescence EEM spectroscopy
A Luminescence spectrometer (FluoroMax-4, HORIBA Jobin Yvon Co., France) was used to measure the three-dimensional EEM spectra of HA which remained in the system after filtering. Excitation and emission wave-lengths were collected incrementally from 240 nm to 550 nm and from 250 nm to 550 nm at 5 nm steps, respectively. The slit widths for both excitation and emission were 5 nm and the scanning speed was kept at 4800 nm/min. To eliminate second-order Raleigh light scattering, a 290-nm emission cutoff filter was used during scanning. The fluorescence spectra of Millipore water were also measured to subtract water Raman scattering and background noise.
Turbiscan tower for aggregation analysis
Turbiscan Tower (Formulaction, France) was used to qualitatively analyze the heteroaggregation behavior of CeO 2 and TiO 2 ENPs at 25°C by the measurement of their stability index. The samples were prepared in a 20 mL flat-bottomed glass cylindrical sample cell with a height of around 43 mm. The heteroaggregation of the ENPs was analyzed using the transmittance and back-scattering data, which were determined at an angle of 180°and 135°from the incident light respectively [35] .
The basic principle of Turbiscan is to measure both transmittance and backscatter of near-infrared pulsed light (λ = 880 nm) from the bottom to the neck of a container containing the suspension [59, 60] . The physical principle of Turbiscan is based on the Lambert-Beer theory, as shown in formula (1)- (2) . For the same sample, T is only influenced by λ (formula 1), and λ is influenced by particle size (d) and volume concentration of dispersion phase (Ø). Therefore, T is influenced by d and Ø, and d is the major influence factor if the initial Ø is controlled [30] . 
Where: T: Transmittance value; λ: Mean free-path of photon; r i : Vial inner radius; d: The average particle size; Ø: Volume concentration of dispersion phase; Q s : Optical Parameters according to Mie theory. For backscattering, it is also affected by particle size and volume concentration of the sample with the suspension, as shown in formula (3).
Where: BS: Backscatter value; Ø: Volume concentration of dispersion phase; g: optical parameter based on Mie theory; Q s /d: The same with formula (1). By such scanning (20 s/scan), the stability of the suspension can be evaluated by the uniformity of the light scattering at different depths with a wavelength of 880 nm [31] . TSI have been detected during the experiment and can be calculated as formula (4) [30] :
Where: TSI: Turbiscan stability index. H: Sample height from bottom of the cell to the meniscus. Scan i (h): The i (h) scan at a given height h. Scan i-1 (h): The i-1 (h) scan at a given height h. i: as times from 1 to k (k = total time/scan speed). The mean value of TSI changes with different particle stability states [32] . The TSI increases for larger particle sizes, indicating lower stability. In this study, the TSI of the middle zone (13.799 mm to 27.598 mm) of the sample cell was measured.
TEM
TEM (JEOL JEM-2011, operated at 200 kV) was employed to study the heteroaggregation states of HA-coated-CeO 2 and TiO 2 ENPs. The suspension samples were dropped upon the copper-grid-support and dried by infrared light.
Results and discussion
TSI measurements of heteroaggregation at different CeO 2 /TiO 2 ENPs ratios
As shown in ENPs ratios, indicating higher stability. The addition of NaCl or HA influenced the TSI of the system (ENPs -HA -NaCl). NaCl was added to the system, TSI increased for specific CeO 2 /TiO 2 ENPs ratios relative to no NaCl ( Fig. 1(A) and (B) ). These results indicate that IS will lead to the compression of the electric double layer and charge screening [52] . When both 5 mmol/L NaCl and 1 mg/L HA were added into the suspension ( Fig. 1(C) ), the TSI decreased significantly relative to the control and the 5 mmol/L NaCl. It is likely that HA was adsorbed on the surface of the ENPs and resulted in steric hindrance [8, 61] . As a result, the addition of HA stabilized the system [52] . Fig. 2 shows the contents of Ti and Ce in the supernatant at different ratios. In the system, homoaggregation and heteroaggregation happened simultaneously [62] . It can be seen that the initial content of TiO 2 when the CeO 2 /TiO 2 ratio varies from 100 to 0.01 is the same with the initial content of CeO 2 when CeO 2 /TiO 2 ratio varies from 0.01 to 100. The content of CeO 2 in the supernatant is always higher than that of TiO 2 when the initial content of CeO 2 and TiO 2 are the same. The TiO 2 content (CeO 2 /TiO 2 = 0.01) is higher than CeO 2 (CeO 2 /TiO 2 = 100) in the supernatant. It seems homoaggregation of TiO 2 occurs more easily than that of CeO 2 , and TiO 2 is easier to precipitate. Therefore, with a decreasing TiO 2 content, the TSI decreases and the stability of the system increases.
However, Fig. 1(B) shows that when CeO 2 /TiO 2 = 9.9:0.1, TSI is higher than when CeO 2 /TiO 2 = 9:1 and 5:5. This may be because when CeO 2 /TiO 2 ≤ 9:1, NaCl contributes to the homoaggreagtion of TiO 2 or the heteroaggregation of CeO 2 and TiO 2 . Therefore, with decreasing of TiO 2 content, TSI decreases. However, when CeO 2 /TiO 2 = 9.9:0.1, TiO 2 content is very low, and NaCl will promote the homoaggregation of CeO 2 , increasing the TSI and the decreasing of stability of the system.
As shown in Fig. 3 , the surface charge of the ENPs in suspension changed from negative to positive with an increase in CeO 2 /TiO 2 ENPs ratio, in the absence of HA and NaCl. When there was only CeO 2 or TiO 2 ENPs at an ENP concentration of 10 mg/L and pH 7.8, their zeta potential was 6.15 mV and −25.32 mV, respectively. The addition of NaCl (increasing IS) generally shifted the charge towards more positive. In a higher IS system, a CeO 2 /TiO 2 ENPs ratio < 0.5 was needed to reverse the charge of the heteroaggregated particles; at that ratio they are essentially neutral and should be quite unstable. This may be attributed to IS compressing the electrical double layer and charge neutralization between CeO 2 and TiO 2 ENPs [63, 64] . Therefore, IS will lead to destabilization of heteroaggregated CeO 2 and TiO 2 ENPs significantly, but it is a function of CeO 2 /TiO 2 ENPs ratio.
Both high (8 mg/L) and low (1 mg/L) concentrations of HA resulted in a slight change of the surface charge of the ENPs with an increasing CeO 2 /TiO 2 ENPs ratio. It is likely that HA adsorbed on the surface of ENPs and then restricted the contact between ENPs [65, 66] . Therefore, HA increases the negative charges on the surface and stabilizes the CeO 2 /TiO 2 ENPs system. It should be noted that without HA and with an increasing CeO 2 / TiO 2 ratio, TSI decreases ( Fig. 1 ) and the stability of the system increases. However, the absolute value of the zeta potential is closer to 0 with an increasing of CeO 2 /TiO 2 ratio. Because TiO 2 is more likely to homo-and heteroaggregation than CeO 2 , the stability of the system increases with an increasing CeO 2 /TiO 2 ratio. Since ξ TiO 2 = 6.15 mV and ξ CeO 2 = −25.32 mV, the zeta potential of the whole system increases and is closer to 0 with the increasing of CeO 2 /TiO 2 ratio. However, the contact surface of TiO 2 and CeO 2 ENPs decreases because of the decreasing amount of TiO 2 ENPs. In addition, homoaggregation of CeO 2 is less likely. Therefore, although the zeta potential of the whole system was closer to 0, the stability of the system increased because of the limited contact surface of CeO 2 and TiO 2 and the poor ability of CeO 2 to homoaggregate.
Interaction of humic acid on the surface of CeO 2 and TiO 2 ENPs
Fluorescence was employed to qualitatively study the adsorption of HA onto CeO 2 /TiO 2 ENPs, by analyzing peak location and fluorescence intensity. The three-dimensional EEM fluorescence spectra of HA (1 mg/L) at different CeO 2 /TiO 2 ENPs ratios are presented in Fig. 4 . Only one regional peak could be identified from the fluorescence spectra. The peak located at an excitation/emission (Ex/Em) wavelength of 240-245/415-425 nm, which is the characteristic fluorescence peak of HA. The peak intensity correlated positively with HA concentration [55, 67] . Compared to the initial Ex/Em of 245/430 nm for HA with no ENPs present, the peak location showed a blue shift along both excitation and emission axes and the fluorescence peak intensity also decreased when ENPs were present (Table S1 ). This shift is related to a decrease in hydrophilic functional groups such as carbonyl, hydroxyl, amine and an elimination of π-electron systems [68] . Therefore, the blue shift of the fluorescence peak indicated that HA adsorbs via hydrophilic functional groups to the ENPs [53] .
As shown in Fig. 4-scenario 1 , the fluorescence intensity decreased with increasing CeO 2 /TiO 2 ENPs ratio, which indicates a stronger adsorption of HA at higher CeO 2 /TiO 2 ENPs ratios (Fig. S3) . This is in accordance with the decrease in TSI values (Fig. 1) and increasing zeta potential (Fig. 3) . These results indicate that HA may be more easily adsorbed on the surface of CeO 2 ENPs with an increasing CeO 2 /TiO 2 ENPs ratio. To study the competitive adsorption of HA to CeO 2 and TiO 2 ENPs, the addition ratio and order of ENPs were varied: scenario 1, CeO 2 and TiO 2 ENPs simultaneously; scenario 2, CeO 2 first, TiO 2 later; scenario 3, TiO 2 first, CeO 2 later. As shown in Fig. 4 -scenario 2 and scenario 3, the fluorescence intensity decreased with increasing CeO 2 / TiO 2 ENPs ratio, but varied with addition order. When the addition of CeO 2 and TiO 2 ENPs was simultaneous, the adsorption of HA on the surface of ENPs reached 81.6%, which is higher than the other sequences (scenario 1 and 2) (Fig. 5) . The percentage adsorption of scenario 3 was significantly less than for scenario 2. This result indicates that increasing the CeO 2 /TiO 2 ENPs ratio generally leads to the higher adsorption of HA, but the maximum adsorbed depends on the addition order.
We propose a mechanism of the competitive adsorption of HA by CeO 2 and TiO 2 ENPs (Fig. 6 ). When CeO 2 and TiO 2 ENPs are added to the system, they have opposite surface charges (Fig. 3) , so that electrostatic attraction, including patch attraction, plays a major role, resulting in more aggregation [69] . Therefore, the CeO 2 /TiO 2 ENPs heteroaggregate has a high HA adsorption capacity (Fig. 5) . At scenario 2, the positively charged CeO 2 ENPs can adsorb HA and shift the heteroaggregate (HA on CeO 2 ENPs) to a negative surface charge (Fig. 3) , before contacting TiO 2 ENPs. Further, the negatively charged TiO 2 ENPs will experience some electrostatic repulsion from CeO 2 -HA, decreasing adsorption efficiency. However, at scenario 3, few HA are initially adsorbed onto the surface of TiO 2 ENPs. Once CeO 2 ENPs is added, it interacts with TiO 2 -HA, which has higher electronegativity than TiO 2 ENPs and HA. As a result, the interaction of CeO 2 -TiO 2 -HA is less than that of CeO 2 -HA, possibly due to adsorption competition [70] . This suggests that HA occupies some adsorption sites of these ENPs first and thus decreases the availability of "pristine" ENPs surface for further interactions [71] . HA functions as stabilizing agent by binding with nanoparticles and restricting the heteroaggregation [72] .
Co-sedimentation of CeO 2 and TiO 2 ENPs under different ratios
Although turbidity has been used to characterize the aggregation and sedimentation of nanoparticles [8, 58] , it should be noted that turbidity is not appropriate to represent the sedimentation of CeO 2 / TiO 2 ENPs due to the differences in intensity of scattered light. Therefore, Ti and Ce concentrations in the supernatant were determined using ICP after 2 h. As shown in Fig. 7 , the Ce content is less than Ti in the supernatant (the top 2 mL in 20 mL tube) under the same conditions. In addition, HA markedly hindered the sedimentation of both CeO 2 and TiO 2 ENPs, as well as their heteroaggregate because of electrostatic repulsion [26, 73] .
As shown in Fig. 8 , in the absence of HA, CeO 2 and TiO 2 ENPs experience heteroaggregation and destabilization due to electrostatic attraction. However, with increasing CeO 2 /TiO 2 ENPs ratio, the homoaggregation of CeO 2 ENPs plays a major role [14, 74] . CeO 2 ENPs homoaggregation results in a decreasing TSI, indicating the system is more stable. In the presence of HA, HA is adsorbed onto the surface of ENPs, with a strong preference for CeO 2 ENPs. This causes steric hindrance between CeO 2 and TiO 2 ENPs and weakens their heteroaggregation. HA will reduce the TSI value and result in decreasing sedimentation [75] . Therefore, in the presence of HA aggregation and sedimentation of CeO 2 ENPs is less than that of TiO 2 ENPs. Fig. 9 shows the change in TSI values with various CeO 2 /TiO 2 ENPs ratios in natural water. When TiO 2 and CeO 2 ENPs were added into H River water, the TSI of the system decreased with increasing CeO 2 /TiO 2 ENPs ratio (shown in Fig. 9(A) ). At CeO 2 /TiO 2 ENPs = 9.9/0.1, the TSI value changed slightly (only 0.72) in 2 h. In comparison, the variation became noticeable (2.91) at CeO 2 /TiO 2 ENPs = 0.1/9.9. When TiO 2 and CeO 2 ENPs were added into Q Reservoir water (shown in Fig. 9(B) ), the TSI variation showed similar trends. In addition, the TSI value variation trends of ENPs in the H River or Q Reservoir water were similar to those in well-controlled synthetic water.
Heteroaggregation of different CeO 2 /TiO 2 ENPs ratios in natural water
The differences in TSI change between H River and Q Reservoir is very small (Fig. 9(C) ). Interestingly, by testing the zeta potential of different CeO 2 /TiO 2 ENPs ratios ( Fig. 9(D) ), we found these results were similar in H River or Q Reservoir waters. This result was inconsistent with previous studies which indicated that the zeta potential of system was different with NOM and IS [49, 76] . As reported [12, 37] , the aggregation of ENPs may be limited by NOM and promoted by IS. It may be attributed to antagonism interaction of HA and IS on the heteroaggregation of CeO 2 and TiO 2 ENPs.
Conclusion
In this study, we successfully applied the turbiscan stability index (TSI) to characterize the heteroaggregation process of CeO 2 and TiO 2 ENPs. We believe it is an applicable approach for understanding and measuring heteroaggregation in general. TSI values decreased with increasing CeO 2 /TiO 2 ENPs ratios, indicating the system became more stable and exhibited slower heteroaggregation. HA decreases the zeta potential of the system and strongly influences charge neutralization between the different surface charges of CeO 2 and TiO 2 ENPs. The three-dimensional EEM fluorescence spectra exhibited a blue shift in the presence of ENPs (Ex/Em of 245/430 nm), indicating that HA was adsorbed onto the surface of CeO 2 and TiO 2 ENPs. In addition, HA occupies some adsorption sites of these ENPs and the maximum adsorption depends on the addition order. From co-sedimentation experiments, we determined that the aggregation and sedimentation rate of CeO 2 ENPs was lower than for TiO 2 ENPs. Based on the Turbiscan and Fluorescence EEM spectra measurements, we proposed the interaction mechanisms of CeO 2 and TiO 2 ENPs heteroaggregation in the presence of HA, including surface charge attraction/repulsion and competitive adsorption. 
